. 1982. Methyl mercury induced visual deficits in rainbow trout. Can. J. Zool. 60: 3127-3133. Scotopic spectral sensitivity of 15 rainbow trout was determined using a two-choice, operant-conditioning task. Maximum sensitivity occurred at 525 nm and generally declined at longer and shorter wavelengths with evidence of a "shoulder" at 600-650 nm. Fifteen days after injection with either saline control (n = 4) or 4.6-6.2 mg of methyl mercury chloride per kilogram of body weight (n = 9); measurements of response latency and trials to criterion revealed that methyl mercury (MEHG) did not affect memory or motor performance. MEHG did produce significant spectrally uniform decrements in visual sensitivity. These results suggest that MEHG impaired both the scotopic and photopic mechanisms of MEHG-treated rainbow trout. ZOO^. 60: 3127-3133. Le spectre de sensibilitk scotopique a kt6 dktermink chez 15 truites arc-en-ciel en les soumettant a une expkrience de conditionnement opkrant, en prksence de deux choix. La sensibilitk maximale se situe a 525 nm et diminue aux longueurs d'onde plus longues ou plus courtes, mais atteint un palier a 600-650 nm. Les truites ont requ des injections d'une solution tkmoin, solution saline (n = 4), ou d'une solution de 4,6-6,2 mg de mkthyle-mercure par kilogramme de masse totale (n = 9); la mesure des temps de latence et des activitks, selon les crititres, a rkvklk que le mkthyle-mercure (MEHG) n'affecte ni la mkmoire, ni la motricitk. Le produit entraine cependant une diminution importante de la sensibilitk visuelle sur tout le spectre. Ces rksultats indiquent que le MEHG affecte a la fois les mkcanismes scotopiques et les mkcanismes photopiques chez les truites.
Introduction
vision (mediated by rod photoreceptors) with little or no Elevated levels of mercury in fish have been frequently reported in North America (Firnreite et al. 197 1; Lockhart et al. 1972; Wobeser et al. 1970) and throughout the world (Hannerz 1968; Johnels et al. 1967; Miettinen et al. 1970; Takeuchi et al. 1960) .
Fish which have been chronically exposed to methyl mercury (MEHG) exhibit a typical array of symptoms including reduced visual sensitivity, emaciation, abnormal motor coordination, and various erratic behaviors (Takeuchi et al. 1960) . Studies using subhuman primates (Berlin et al. 1973; Evans et al. 1975) have demonstrated a loss of motor coordination and constriction of visual fields as a result of MEHG exposure. effect on photopic vision (mediated by cone photoreceptors) (Berlin et al. 1973; Evans et al. 1975; Fox and Sillman 1979) . These scotopic deficits may be due to either a central nervous system lesion (Evans et al. 1975; Berlin et al. 1973) or the selective iniluence of MEHG on the rod photoreceptors at the level of the retina (Fox and Sillman 1979) , or both.
The objective of the present study was to evaluate the effect of sublethal levels of MEHG on the scotopic vision of rainbow trout. A psychophysical technique was used to measure scotopic spectral sensitivity of rainbow trout at 10 wavelengths, before and after exposure to MEHG. These changes appear to be correlated with a distinct Materials and methods regional distribution of MEHG within the brain (Evans Subjects etal. 1975; Shaw et '21. 197517 MEHG-induced visual disfunction in primates and other 0 . 5 0~, under a 10 h light 14 h dark photope~od (white animals has been attributed to decreases in scotopic fluorescent lamp, F20) for at least 2 weeks prior to experimentation. The fish were housed in individual compartments to 'present address: School of OptomeQ, University of facilitate identification. Twenty individuals were randomly Waterloo, Waterloo, Ont., Canada N2L 3G 1 .
assigned to either the control group or MEHG-treated group. 2~uthor to whom reprint requests should be addressed.
Five fish were eliminated in phase I because of low motivation 0008-4301 18211 23 127-07$01 .00/0 FIG. 1. Schematic representation of the test tank and stimulus apparatus. NC, neutral chamber; E, entrance to response chambers; G, gates; RCR, RCL, right and left response chambers; P, shock grids; S, stimulus field; M, monochromator; B, broad-band source; F, neutral density filters; W, neutral density wedge.
and an additional two in phase IV because of illness. Fish were fed chopped beef heart and Ewos pellets ad libitum throughout the duration of the study.
Equipment
The test tank was a glass aquarium 31 X 93 X 20 cm high divided into three areas of equal size, two response chambers and a neutral chamber (Fig. 1) . The response chambers were delimited by transversely arranged barriers (black Plexiglas, 0.25 in. (1 in. = 2.54 cm)) located 3 1 cm from either end of the tank. Each barrier had a rectangular hole which allowed passage to either response chamber when the pulley operated gates were opened. Stainless-steel shocking grids present in both response chambers were vertically separated by 7 cm, insuring free mobility of the subjects. The grids were wired to a SD-9 Grass electric stimulator which generated 50 ms, 5-15 rnA, square wave pulses at 1.2 Hz.
Ten monochromatic stimuli (Bausch and Lomb monochromator) from 425 to 650 nm with a 20 nrn half intensity bandwidth were projected onto circular stimulus patches at the end of each response chamber. These patches were constructed from plastic projection screen material and had a diameter of 4.7 cm subtending a visual angle of 8.7" from the response chamber gates. Luminance of the stimuli was controlled by variable rheostats. Stimulus calibration employed a spectroradiometer (ISCO model SR) inside the dry test tank, using a remote optic probe. Calibrations of the optical system were performed every 6 months and these measurements never deviated more than 5%. Broad-band, incandescent light sources (Vickers Instruments microscope illuminators) were used for the spectrally neutral training stimuli. Their intensity was controlled by neutral density wedges and filters to set luminances at 1.2 and 0.52 nit (luminance measurement which is equal to candela per metre squared where one candela is equal to one lumen per steradian, nomenclature recommended by International System of Units), during training. A 40-W incandescent bulb situated over the neutral chamber and restricted to this chamber provided an illumination of 3.8 lx at the bottom of the neutral chamber, maintaining a mesopic level of adaptation. Under such levels of adaptation the absolute level of sensitivity was lowered but the shape of the spectral sensitivity curve remained unchanged, that is, the rod and red-sensitive cone were operative (Powers and Easter 1978~) . The blue-and green-sensitive cone mechanisms, on the other tion was necessary to limit the subject's sensitivity to extraneous stimuli and the experimenter.
Procedure
The experiment involved four phases: (i) the shaping of an operant response to near threshold levels of achromatic, broad-band stimuli; (ii) determining the threshold intensity (energy required to produce a 75% response) of 10 monochromatic stimuli from 425 to 650 nm; (iii) injection of methylmercuric chloride (or saline in the control group) and maintenance in holding tank for 15 days; (iv) retesting of spectral sensitivity.
Phase I The operant conditioning paradigm utilized both reinforcement and punishment. Reinforcement consisted of small uniform pieces of beef heart administered every fifth correct response. Punishment, in the form of two shocks, was delivered on every incorrect response. Shaping the conditioned response involved obtaining an approach to the broadband stimulus and the stepwise reduction of its luminance over the 4 days of training. On the 5th day, the fish were tested for the number of trials required to achieve a 90% criterion of discriminating the dim broad-band stimulus from the dark chamber.
Day 1-Each fish was given 60 trials in a no-choice situation with reinforcement administered on a partial schedule for approaching the test stimulus. A clear Plexiglas barrier prevented entrance to the dark response chamber but permitted viewing. The position of the test stimulus (i.e., right vs. left side of tank) was varied in a random fashion. The fish was manipulated into the response chamber and directed towards a 1.2 nit broad-band stimulus. Frequent reinforcement usually provided the "impetus" for the fish to move on its own "initiative" after 10 to 20 trials.
Day 2-Each fish was given 15 trials in a non-choice situation and then 45 trials in a two-choice situation with access to either chamber. A correct response was reinforced on a partial schedule, and all incorrect responses were punished Day 3-Each fish was given 60 two-choice trials. Day 4-Each fish was given 30 trials with a 1.2 nit test stimulus, then 30 trials at 0.52 nit.
Day 5-Each fish was tested until it had approached the 0.52 nit stimulus for 9 out of a block of 10 trials.
hand, do not operate because at mesopic and scotopic levels of Phase II adaptation they are suppressed by inhibition from the rod Each fish was tested at 1 wavelength per day for a total of 10 mechanism (Powers and Easter 1978 b) . This level of illumina-wavelengths. Half of the fish were started at 425 nm and ended with 650nm, the other half were tested in the reverse wavelength order. Each day the fish was given a 10-to 15-min acclimation period in the neutral chamber. Testing began with 10 to 15 trials at the estimated 80-90% discriminable energy level for that wavelength (preliminary test). Luminance was reduced in 0.5 or 1 log decrements on subsequent blocks of 10-20 trials until discrimination fell below 75% correct. Partial reinforcement for moving into the spectral stimulus chamber, and punishment for moving into the dark chamber were continued through phase 11. Response latency was measured as the time taken for the fish to completely enter one of the response chambers, but if a fish did not respond within 30s that trial was discontinued and scored as an incorrect response.
Phase III Each fish received an intraperitoneal injection of either normal saline or 4.6-6.2 mg of methylmercuric chloride per kg of body weight.
Initially, three dose classes were established 1.9, 4.6, 6.2 mg MEHG/kg body weight, but because of illness and low motivation only two fish from the 1.9 group were successful in completing the experiment. Consequently, because of low sample size the fish from that dose group were not used. In addition, the 4.6 and 6.2 groups were pooled since a two-way analysis of variance revealed no significant differences in sensitivity between the two groups ( p = 0.35). Previous testing established that the LDS0 at 15 days for rainbow trout was 7.1 mg methylmercuric chloride per kilogram of body weight (Hawryshyn and Mackay 1979) . The fish were placed in their home compartments for 15 days to permit the uptake and distribution of MEHG to the body tissues. Total mercury content of the tissues measured by flameless atomic absorption spectrophotometry revealed an average MEHG content of 5.25 (brain), 3.83 (muscle), and 2.13 (eye) mg MEHG per kilogram of body weight (standard errors 0.72,0.5 1,0.26 respectively) for the MEHG-treated fish and no measurable content for the control fish. For details of the total mercury analysis technique see Hawryshyn and Mackay (1979) .
Phase N Retesting began with a test of the number of trials to 90% criterion, if the fish scored poorer than in phase I1 they were retrained to the level of their previous performance. Threshold intensity and response latency for each of the ten wavelengths was then determined by the same procedure used in phase 11.
The visual threshold (E75% values) was defined as the energy required to evoke a correct response on 75% of the trials. To determine these values the percent response for a particular test intensity was plotted as a function of the stimulus intensity. Then a line of best fit (by eye) was drawn to the points and subsequently used for linear interpolation of the E75% values (Fig. 2) . Sensitivity was defined as the reciprocal of the threshold stimulus intensity (Yager 1968) . Sensitivity values were corrected for the transmission characteristics of the water (Hutchinson 1957) within the test tank, transformed into logarithms (base 10) and converted to quantal energy (Goldsmith 1973) .
Results
Normal scotopic spectral sensitivity visual pigment absorption curve with the exception of the long wavelength end of the spectrum. A one-way analysis of variance indicated that the effect of wavelength on response latency was not significant ( p > 0.10). Regression analysis showed that the absolute sensitivity was not significantly dependent on the response latency, except at 525 nm ( p < 0.05).
Scotopic spectral sensitivity after MEHG exposure Figure 4 (phase IV) shows the effect of MEHG exposure on the scotopic spectral sensitivity of rainbow trout (for means and standard deviations see Table 1 ). Both the control and MEHG-treated group show similar spectral sensitivity curves. The control group exhibited an average overall 0.36 log increase in sensitivity relative to the normal sensitivity curve (Fig. 3) . The MEHG-treated group exhibited an overall 0.3 log decrease in sensitivity. A two-way analysis of variance (sensitivity versus dose treatment and wavelength for phase IV) revealed a significant difference in sensitivity between the MEHG treated and control groups ( p < 0.001) and, as expected, a significant difference in sensitivity between wavelengths ( p < 0.001). However, the two-way interaction between dose and wavelength, which tests for a wavelength selective effect of MEHG exposure, was not significant ( p < 0.348). A similar two-way analysis of variance was carried out on the phase I1 (prior to MEHG exposure) sensitivity measurements and, as expected, revealed no significant difference in sensitivity between dose group ( p = 0.789) and significant differences in sensitivity between wavelengths ( p < 0.001). Table 1 shows the mean response latencies of each group for phases I1 and IV at each test wavelength. A two-way analysis of variance on phase IV latencies (latency versus dose groups and wavelength) indicates that there were no significant differences in latencies between dose groups ( p = 0.285) nor differences in latencies between wavelengths ( p = 0.445). Similarly, a two-way analysis of variance on phase I1 latencies revealed no significant differences in latencies between groups ( p = 0.327) nor differences in latencies between wavelengths ( p = 0.12).
A Mann-Whitney U test showed no significant differences in the number of trials to achieve a 90% correct response criterion, between phases I1 and IV for the control fish ( p = 0.327) nor differences in latencies between wavelengths ( p = 0.12) (see Table 2 ).
Discussion

Normal scotopic spectral sensitivity
The behavioral scotopic sensitivity curve for untreated rainbow trout bears close resemblance to the visual pigment absorption curve (Bridges 1956 ). There are, however, two deviations which warrant explanation. Firstly, the scotopic spectral sensitivity curve is narrower than the visual pigment absorption curve at the short wavelength end of the spectrum. This departure may be related to the absorption of light by the optical media of the eye.
Although not yet identified in salmonids , Moreland and Lythgoe (1 968) reported photostable screening pigments in the corneas, lens, retina, and reflective tapetum in numerous species of fish. These pigments can exert a significant effect on the transmission of light, particularly at the short wavelength end of the spectrum and thus influence the shape of the behaviorally determined spectral sensitivity curve (Grundfest 1932) . Secondly, our results for trout and those of other authors for other species (Burkhardt 1966; Cohen et al. 1977; Powers and Easter 1978a) exhibit a sensitivity at longer wavelengths higher than predicted from the visual pigment absorption curve. This high sensitivity at longer wavelengths is probably due to the contribution of the red-sensitive cone mechanism in the scotopic range of sensitivity (Burkhardt 1966; Powers and Easter 1978a; Yager 1968) . Recent anatomical evidence in goldfish (Ishida et al. 1980) indicates that there is a convergence of rods and red-sensitive cones onto the same bipolar cells providing the neural basis for rod red-sensitive cone mediation of scotopic spectral sensitivity.
Several authors have used response latency as an index of visual-spatial coordination (Berlin et al. 1973; Evans et al. 1975) . Their studies demonstrated an increase in the time of responding subsequent to MEHG exposure, especially in tasks requiring manual dexterity and coordination. However, with simpler tasks (Evans et al. 1975 ) response time was not significantly influenced by MEHG until vision of the subject (primates) was severely impaired. In our study, MEHG did not significantly affect the time for trout to respond to the stimulus. Perhaps the doses of MEHG administered to trout did not damage the nervous system to the extent that trout encountered difficulties with visual-spatial coordination.
Some evidence has suggested that MEHG can induce learning impairments in animals. Post et al. (1973) found that rats required more trials to learn a T-maze after oral administration of MEHG. Hartman (1978) reported that trout in the highest dose group were not able to acquire an avoidance response to shock. The results of the present study show that MEHG did not influence the number of trials for trout to achieve the 90% response criterion and therefore did not affect the memory facility of trout.
Our results indicate that decrements in the overall performance of MEHG-treated trout was primarily due to deficits in the function of the visual system and not decreased motor performance or memory facility. The loss of scotopic sensitivity is frequently reported as the principal symptom of heavy-metal poisoning (Grant 1974; Mikuni et al. 1970) . Fox and Sillman (1979) demonstrated decreases in receptor potentials of rod but not cone photoreceptors subsequent to mercury exposure in the perfused bullfrog retina. Numerous behavioral studies have substantiated these findings showing that MEHG and other heavy metals affect scotopic vision leaving photopic vision functionally intact (Berlin et al. 1973; Evans et al. 1975; Bushnell et al. 1977) .
Recent evidence, however (Rice and Gilbert 1980, 1982) , suggests that MEHG exposure in monkeys, over a period of 3 to 4 years, can decrease the contrast sensitivity function for middle and high frequency gratings indicating a loss of foveal vision (photopic).
Our experimental findings show an overall reduction in spectral sensitivity suggesting that both scotopic and photopic mechanisms were affected by MEHG exposure. Two related pieces of evidence support this conclusion. Firstly, Fig. 4 shows that the sensitivity of MEHG-treated fish decreases uniformly across the spectrum with the exception of 475 nm. Secondly, the two-way interaction between dose-treatment and wavelength was not significant. In other words, the MEHGtreated groups did not exhibit a wavelength selective decrease in sensitivity as one would expect if MEHG exposure selectively damaged the scotopic mechanism.
To summarize, we believe that this is a particularly reliable and sensitive technique for assessing the neurotoxicity of environmental pollutants. These experimental results indicate that both scotopic and photopic vision of rainbow trout are influenced by MEHG. The precise nature of this degenerative effect is unknown and could be more fully elucidated in future histological and electroph y siological studies.
